Endotracheal suction can cause partial lung collapse and hypoxia and alter lung mechanics. We investigated the effects of adding a recruitment manoeuvre directly after endotracheal suction to restore lung volume in volumecontrolled ventilation and pressure-controlled ventilation modes. Five anaesthetized pigs were investigated. The effects of endotracheal suction with or without a recruitment manoeuvre were compared in random order. In volume-controlled ventilation, compliance decreased after suction from 33±5 to 26±6 ml.cmH 2 O -1 (P<0.05), and 30 minutes later it remained decreased at 25±6 ml.cmH 2 O -1 . Venous admixture increased after suction from 5±2 to 8±4% (P<0.05), but had recovered at 30 minutes. In pressure-controlled ventilation, compliance decreased after suction from 34±3 to 25±7 ml.cmH 2 O -1 (P<0.05), and 30 minutes later it remained decreased at 25±7 ml.cmH 2 O -1 . Venous admixture increased after suction from 5±2 to 13±7% (P<0.05), and had not recovered after 30 minutes, 10±4%. When a recruitment manoeuvre was applied directly after suction, no negative side-effects were registered in volume-controlled ventilation or pressure-controlled ventilation. We conclude that the impairment of lung mechanics and gas exchange induced by endotracheal suction can be prevented by a simple post-suction recruitment manoeuvre. Further studies are needed to identify a suitable suction recruitment manoeuvre in patients with diseased lungs.
During mechanical ventilation, patients are connected to the ventilator by an endotracheal tube. The endotracheal tube needs to be cleared of mucus by suction, but this procedure can affect the patient by causing lung collapse, hypoxaemia and arrhythmias [1] [2] [3] .
Desaturation can be prevented by hyperinflating the lungs and by increasing the inspired oxygen fraction (preoxygenation) before and after endotracheal suction 4 . For preoxygenation, the oxygen content should be 20% greater than the maintenance supplemental oxygen level 5 . Lu and co-workers found that preoxygenation before suction combined with a post-suction recruitment manoeuvre consisting of 20 tidal volume (V T ) breaths each of 20 ml.kg -1 volume immediately after suction reverses side-effects 6 .
Physiotherapists use lung hyperinflations to mobilize and remove bronchial secretions, open up collapsed lung and improve oxygenation 7 . However, the effect of promoting airway clearance by this method has not been fully investigated and there may be deleterious side-effects 8 .
Ventilation with 100% oxygen can contribute to lung collapse, as shown in a study comparing the use of 40% and 100% oxygen during a recruitment manoeuvre in general anaesthesia 9 . Moreover, computed tomography showed that the extent of nonaerated lung regions was greater when 100% oxygen was used during suction, than when 30% oxygen was used 6 . Hyperinflation combined with 20% above maintenance oxygen was compared to 100% oxygen before and after suction in patients with chronic obstructive pulmonary disease, and there was no difference in arterial oxygenation 10 .
Lung collapse and hypoxaemia can be avoided by using a closed suction system in volume-controlled ventilation without preoxygenation 11 . Yet, there is a risk of intrinsic positive end-expiratory pressure (PEEP) at insertion of the suction catheter in volume-controlled ventilation. Also, extreme negative pressures can be created during endotracheal suction with closed systems 12 . During anaesthesia, several different recruitment manoeuvres can be used to reverse atelectasis, such as the vital capacity manoeuvre and stepwise increase of PEEP 13, 14 .
One method to restore lung volume after open endotracheal suction is to include a recruitment manoeuvre directly after suction, i.e. a post-suction recruitment manoeuvre. High-pressure recruitment manoeuvres were needed in an animal study when recruitment was tested in a lung injury model 15 . By allowing the ventilator to trigger a pressure support breath during suctioning in volume-controlled ventilation, it was shown that lung volume loss could be prevented 16 .
Lung protective ventilation has been shown to improve survival rate in intensive care 17, 18 . In this protective strategy the lung is kept open with PEEP, and high airway pressures are avoided by using small V T . In patients with acute respiratory distress syndrome, without impairment of chest wall mechanics, treated with a protective ventilatory strategy for one or two days, non-aerated lungs can be recruited by applying a pressure of 40 cmH 2 O for 40 seconds 19 . However, the methods used for recruitment are still under debate [20] [21] [22] [23] . Our hypothesis is that the sideeffects of endotracheal suction can be avoided. We therefore studied the effects of adding a recruitment manoeuvre directly after endotracheal suction in volume-and pressure-controlled ventilation and with two different V T settings.
MATERIALS AND METHODS
Five healthy anaesthetized pigs of mixed breed (Hampshire, Yorkshire and Swedish Landrace) with a body weight of 25-35 kg were investigated. The experimental protocol was examined and approved by the local Ethics Committee for Animal Experiments, Uppsala, Sweden. The study was performed in accordance with the recommendations of the Swedish National Board for laboratory animals.
Anaesthesia
Before transport to the laboratory, the pigs were premedicated with 40 mg azaperon (Stresnil®, Janssen Pharmaceutical, Beerse, Belgium) given by intramuscular (IM) injection. Anaesthesia was induced with 0.5 mg atropine (Atropin®, NM Pharma AB, Stockholm, Sweden) and a mixture of 100 mg tiletamin (comparable to ketamine) and 100 mg zolazepam (benzodiazepine derivate, Zoletile® forte vet, Virbac Laboratories, Carros, France) diluted in 5 ml medetomidine (a selective alpha2-adrenoceptor agonist, Domitor® 1 mg.ml -1 , Orion Corporation, Farmos, Finland); 1 ml per 20 kg body weight IM. The animals were placed in supine position on a heating pad and intubated with a cuffed ET tube, 6.0 mm ID. A bolus IV injection of 0.2 mg fentanyl (Fentanyl®, Antigen Pharmaceuticals, Roscrea, Ireland) was given. Anaesthesia was maintained by infusion of 5 ml.kg -1 .h -1 of 4 mg ketamine (Ketamin® Veterinaria, Zürich, Switzerland), 1 mg fentanyl in a glucose electrolyte solution, 1000 ml Rehydrex with glucose (Pharmacia and Upjohn, Stockholm, Sweden).
All pigs were mechanically ventilated (Evita 4, Dräger Medical, Lübeck, Germany) in either volumeor pressure-controlled ventilation. Ventilator settings were inspired oxygen fraction (F I O 2 ) 0.3, positive end-expiratory pressure (PEEP) 3 cmH 2 O, and V T 14 ml.kg -1 or pressure level set to achieve V T 14 ml.kg -1 . Respiratory rate was adjusted to achieve a stable end-tidal CO 2 of 5.5 kPa. The auto flow was off and trigger sensitivity set to minimum.
Protocols
In each animal, the effect of a recruitment manoeuvre added directly after endotracheal suction was compared with suction without the recruitment manoeuvre in random order. Both volume-and pressure-controlled ventilation were used, with a V T setting of 14 or 10 ml.kg -1 . No preoxygenation was used before or after endotracheal suction. Suction with a -14 kPa vacuum was performed for 10 s 24 . Directly after suction, a 10-s recruitment manoeuvee was performed, involving an increase of airway pressure to 15 cm H 2 O above plateau pressure or inspiratory pressure by using the inspiratory hold key on the ventilator. Measurements were made before and 1, 10 and 30 minutes after suction (see below). An open suction system (UNO Maersk Medical A/S, Denmark) with 14 Fr catheter (OD 4.7 mm) was used.
Measurements and Monitoring
A catheter was inserted in the carotid artery for pressure measurements and blood sampling. A balloon thermodilution catheter was inserted via the external jugular vein and advanced to the pulmonary artery. A central venous catheter was inserted in the same vein as the Swan-Ganz catheter. Measurements consisted of arterial and venous blood gases (ABL 5, Radiometer, Copenhagen, Denmark; tonometric correction for pig blood was made), heart rate, mean systemic arterial pressures (MAP), mean pulmonary arterial pressures (MPAP), central venous pressure, cardiac output measured by thermodilution technique and oxygen saturation. A D-lite™-type flow sensor (Datex-Ohmeda, Instrumentarium Corp., Helsinki, Finland) was connected at the Y-piece for dynamic gas monitoring. Inspired (F I O 2 ) and expired (F E O 2 ) gas oxygen fractions, respiratory rate, tidal volume (V T ), end-tidal carbon dioxide (ETCO 2 ), compliance, airway pressure and plateau pressure were measured. All measurements were recorded using a CS/3 CCM™ critical care monitor (Datex-Ohmeda) 25 . The monitor was connected to a computer and data were collected continuously. Venous admixture was calculated from the blood gas values according to the method described by Berggren 26 .
Statistical analysis
Analysis of variance (ANOVA) and repeated measurement ANOVA were used to compare data both between and within the groups, at different times. The Tukey honest significant difference test was used for post hoc comparisons and probability values were calculated. For correlations the Spearman rank order correlations were used. For all statistical calculations the Statistica/w 5.0 software package (StatSoft Inc., Tulsa, OK, U.S.A.) was used. Results are given as mean values±SD. In the analyses the probability P<0.05 was regarded significant.
RESULTS
A recruitment manoeuvre directly after endotracheal suction reversed physiological changes due to suction in both volume-and pressure-controlled ventilation modes. There was no difference between V T 14 and 10 ml.kg -1 .
Volume-controlled ventilation V T 14 ml.kg -1 In volume-controlled ventilation, one minute after suction without the recruitment manoeuvre, MPAP increased 9%, P a O 2 decreased 22%, venous admixture increased 60%, compliance decreased 33% and plateau pressure increased 15%. After 30 minutes, compliance and plateau pressure were still significantly changed from baseline (Table 1) . One minute after suction with the recruitment manoeuvre, MPAP increased 22%, and compliance increased 10%. No significant difference from pre-suction conditions was found after 30 minutes. Irrespective of whether the recruitment manoeuvre was used or not, MAP, cardiac output, heart rate and central venous pressure did not change during suction or 1, 10 or 30 minutes after suction ( Table 1 ). Thirty minutes after suction, there were significant differences in compliance and plateau pressure, between volume-controlled ventilation without and with the recruitment manoeuvre.
Pressure-controlled ventilation V T setting of 14 ml.kg -1 In pressure-controlled ventilation, one minute after suction without the recruitment manoeuvre, MPAP increased 14%, P a O 2 decreased 36%, venous admixture increased 160%, compliance decreased 27% and V T decreased 25%. After 30 minutes, the P a CO 2 had increased 26% ( Table 2) . One minute after suction with the recruitment manoeuvre, MPAP increased 15% and VT increased 10%. After 30 minutes, these changes had returned to baseline values and compliance had decreased 3%. Irrespective of the recruitment manoeuvre, MAP, cardiac output, heart rate and central venous pressure did not change during or after suction ( cant differences in P a O 2 , P a CO 2 , venous admixture, compliance and V T 30 min after suction between pressure-controlled ventilation with and without the recruitment manoeuvre.
VT setting of 10 ml.kg -1 in volume-and pressurecontrolled ventilation
In volume-controlled ventilation, 30 min after suction without the recruitment manoeuvre, MPAP increased 5% (Table 3 ) and compliance decreased 31% (Figure 1 ). Thirty minutes after suction with recruitment, no significant difference was found compared with pre-suction conditions. In pressurecontrolled ventilation, 30 minutes after suction without recruitment manoeuvre, MPAP increased 20%, P a CO 2 increased 20%, VT decreased 27% (Table 3) and compliance decreased 34% (Figure 1 ). Thirty minutes after suction with recruitment, no significant differences from basal conditions were found ( Table 3) .
As shown in Figure 2 , compliance correlated positively with P a O 2 in pressure-controlled ventillation, V T setting 10 and 14 ml.kg -1 (r=0.77, P<0.001) but the correlation was weak in volume-controlled ventilation (r=0.46, P=0.003).
DISCUSSION
In this study we hypothesized that by including a recruitment manoeuvre into the endotracheal suction procedure, the known side-effects of suction could be avoided. We found that the recruitment manoeuvre restored lung mechanics and prevented gas exchange impairment induced by suction in volume-and pressure-controlled ventilation, even when a smaller V T was used. There were no adverse haemodynamic side-effects due to the recruitment manoeuvre. Manual hyperinflations are recommended before and after endotracheal suction together with preoxygenation to prevent desaturation 4 . Physiotherapists also use hyperinflation with the aim of clearing mucus 7, 8 . In the literature, recruitment is generally performed to restore function to a diseased lung that has collapsed gradually over time, and no consensus exists on how -or even whether -recruitment should be done. It is also unclear whether the reopening of closed lung areas is beneficial to the patient 20 . By allowing the ventilator to trigger a pressure support breath, loss of lung volume can be avoided in volume-controlled ventilation, but the study did not evaluate the effectiveness of the suction 16 .
Negative pressure is necessary during endotracheal suction to clear mucus from the airways, but it can also partly collapse the lung. If positive pressure is added after aspiration, lung volume can be restored, but how this positive pressure, post-suction recruitment manoeuvre should be given is not clear. In this study, we examined the effects of a recruitment manoeuvre after open suction, without hyperoxygenation, during different modes of ventilation and different V T settings. We showed that an increase of 15 cmH 2 O above plateau pressure for 10 s was enough to reverse the venous admixture and restore compliance in the lungs of healthy pigs. Our results thus suggest that a recruitment manoeuvre to restore lung volume after suction with an open suction system may be a viable alternative to the use of a closed suction system where lung collapse can be prevented during volume-controlled ventilation without application of positive pressure after the aspiration 11 .
We have shown that open endotracheal suction causes lung collapse leading to impaired gas exchange, an effect that is more severe and persistent in pressure-controlled ventilation than in volumecontrolled ventilation 27. In a study in children, loss of lung volume was compared during open and closed suction 28 . In that study, both pressure-and volumecontrolled ventilation were used both in patients with lung disease and in patients with healthy lungs. It was found that open suction resulted in greater loss of lung volume than closed suction. Lung volumes and mechanics were more adversely affected in patients with lung disease than with normal lungs. There was, however, insufficient power to show that this was statistically significant.
In patients with acute lung injury and acute res- piratory distress syndrome, lung recruitment manoeuvres are an effective way to restore lung volume after open suction 29 . As shown in our study, the lung volume can be restored by a recruitment manoeuvre immediately after suction, at least in healthy lungs. It might be easier to reopen a lung that has collapsed just moments before due to endotracheal suction, than to reopen a diseased lung that has collapsed over a longer period of time. This can be compared to the re-expansion of atelectasis during anaesthesia, where a shorter recruitment time is sufficient 13 . In clinical practice, there is a need to counteract derecruitment induced by low V T . Increased PEEP or recruitment manoeuvres are two alternatives 30 . Therefore, we also investigated the effect of a recruitment manoeuvre after suction at lower V T settings. Since lower V T leads to lower plateau pressure, less total pressure is needed when recruiting the lung at a V T of 10 ml. kg-1 than at a V T of 14 ml.kg -1 . With less pressure, the lung could be recruited and compliance kept stable at the V T 10 ml.kg -1 setting (Figure 1 ). Further studies on recruitment pressure levels after endotracheal suction are needed.
We found no negative haemodynamic sideeffects during or after the post-suction recruitment manoeuvre; this agrees with results from other studies 14,31 . However, our subjects were healthy pigs. In other conditions the potential haemodynamic effects have to be considered. Grasso et al showed a 20-30% reduction of MAP and cardiac output in patients with acute respiratory distress syndrome, in those patients who did not respond to the recruitment manoeuvre 19 . Furthermore, oxygen supply is important, especially when F I O 2 is high. If a closed suction system is used, interruption of oxygen delivery can be avoided and there is little need for preoxygenation.
However, during open suction, the oxygen supply from the ventilator is interrupted during disconnection period. One way to compensate for this loss is to use supplementary oxygenation before and after endotracheal suction. However, studies have shown that preoxygenation with pure oxygen can cause the lung to collapse during anaesthesia 9 . If preoxygenation is used before suction, the lung might be collapsed first by preoxygenation, then during disconnection, then by suction itself and finally by postsuction hyperoxygenation. If lung collapse causes desaturation, it would appear better to recruit the lung rather than using supplementary oxygen.
Studies of different endotracheal suction methods will enable the most appropriate selection of the method to be used. Because evaluation methods need to be non-invasive and quick, we believe that compliance can be an important monitoring tool, especially in pressure-controlled ventilation where a correlation was found between P a O 2 and compliance ( Figure 2) .
In conclusion, our study shows that a recruitment 
P a O 2 P a O 2
Compliance ml.cmH manoeuvre can be added directly after endotracheal suction to re-open collapsed lungs, at least if they are normal. This alternative seems reasonable when lung collapse has been induced acutely by endotracheal suction. The risks and benefits of postsuction recruitment manoeuvres for the intensive care patient need to be further evaluated.
